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Abstract 
 High-temperature heat pipes are two-phase, capillary driven heat transfer devices capable of 
passively providing high thermal fluxes. Such a device using a liquid-metal coolant can be used as a 
solution for successful thermal management on hypersonic flight vehicles.  Imaging of the liquid-metal 
coolant inside will provide valuable information in characterizing the detailed heat and mass transport. 
Neutron imaging possesses an inherent advantage from the fact that neutrons penetrate the heat pipe metal 
walls with very little attenuation, but are significantly attenuated by the liquid metal contained inside.  
 Using the BT-2 beam line at the National Institute of Standards and Technology (NIST) in 
Gaithersburg, Maryland, preliminary efforts have been conducted on a nickel-sodium heat pipe.  The 
contrast between the attenuated beam and the background is calculated to be approximately 3%.  This low 
contrast requires sacrifice in spatial or temporal resolution so efforts have since been concentrated on 
lithium (Li) which has a substantially larger neutron attenuation cross section. 
 Using the CG-1D beam line at the High Flux Isotope Reactor (HFIR) of Oak Ridge National 
Laboratory (ORNL) in Oak Ridge, Tennessee, the first neutron images of high-temperature molybdenum 
(Mo)-Li heat pipes have been achieved.  The relatively high neutron cross section of Li allows for the 
visualization of the Li working fluid inside the heat pipes.  The evaporator region of a gravity assisted 
cylindrical heat pipe prototype 25 cm long was imaged from start-up to steady state operation up to 
approximately 900ºC.  In each corner of the square bore inside, the capillary action raises the Li meniscus 
above the bulk Li pool in the evaporator region.  As the operational temperature changes, the meniscus 
shapes and the bulk meniscus height also changes.  Furthermore, a three-dimensional tomographic image 
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is also reconstructed from the total of 128 projection images taken 1.4o apart in which the Li had already 
cooled and solidified.   
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1.  Introduction 
The US Department of Defense is currently developing hypersonic technologies for use in global 
strike vehicles [1].  The Air Force Research Laboratory is maturing these technologies for the 
implementation in a flight vehicle capable of deployment thousands of miles from the target [2].  Large 
aerothermal heating in hypersonic flight conditions demands cooling for the leading edges of the vehicle.  
High-temperature heat-pipe-cooled-leading edge (HPCLE) technology using liquid metal working fluids 
has shown promise as an effective passive technique for meeting these demands [3]. 
High-temperature heat pipes are capillary driven, two phase heat transfer devices capable of 
passively providing high thermal fluxes which are needed to cool the leading edges of hypersonic 
vehicles.  In general, heat pipes are sealed tubes which are evacuated and filled with a working fluid.  The 
heat pipe is heated in the evaporator region, the heated working fluid travels through an adiabatic middle 
section, and is cooled at the condenser.  During normal operations, the working fluid will undergo a phase 
change at the evaporator and, due to a pressure drop, travel along the pipe.  As the vapour condenses, it is 
drawn back to the evaporator region by capillary pressure provided through an interior wicking structure.  
Working fluids are selected based on the desired temperature range of the heat pipe with alkali metals 
often used for high-temperature applications [4]. 
To characterize the mass transport phenomenon inside a high-temperature heat pipe, it is desirable to 
image the fluid movement.  The metal shell used in the construction of liquid metal heat pipes makes 
traditional methods of imaging inadequate.  However, the relatively small neutron cross section of 
refractory metals, such as Mo or Nb, can make distinguished shadow of liquid metal coolant (Li) inside. 
Neutron radiography is a non-destructive evaluation (NDE) technique well suited for many applications 
where traditional methods are inadequate.  The Lambert-Beer law of attenuation describes the neutron 
beam intensity after passing through an object: 
 
ܫ ൌ  ܫ௢݁ିேఙ௧          (1) 
 
where ܫ  is the intensity after attenuation, ܫ௢  is intensity before attenuation, ܰ  is the atomic number 
density, ߪ is the element’s cross sectional area due to scattering and absorption, and ݐ is the thickness of 
the element.   
The cross section for neutron beam attenuation has no simple relation to its atomic number and can 
change between isotopes.  For instance, the thermal neutron scattering from hydrogen (82.36 barn; 1 barn 
= 10-24 cm2) is about 11 times stronger than that from deuterium (7.64 barn), as schematically shown in 
Fig. 1. Materials with large cross sections are well suited for imaging because of their more distinguished 
shadows.  Neutron beam lines are described by their collimation ratio and fluence rate.  The collimation 
ratio is the ratio of the beam length (L) after the aperture to the size of the aperture (D) with the spatial 
resolution increasing for higher L/D ratios.  However, the fluence rate decreases as (D/L)2.  This results in 
increased exposure times for higher spatial resolutions [5]. 
© 2013 The Authors. Published by Elsevier B.V.
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Fig. 1.  Neutron cross sectional areas of different atoms in comparison with X-ray cross sectional areas [6].  
 
Neutron radiography has been used to characterize fluid transport previously.  In neutron radiography 
experiments using proton exchange membrane fuel cells, water transport was visualized through 
aluminium and carbon demonstrating the ability to penetrate some metals [7].  Additionally, fluid 
dynamics in oscillating heat pipes was captured at low resolutions with 30 Hz to 100 Hz frame rates [8, 
9].  These experiments were successful in imaging fluid movement in metal environments without 
disruption of the thermal properties or fluid movement.  
In this paper, a preliminary heat pipe radiography experiment has been performed on the BT-2 beam 
line at the National Institute of Standards and Technology (NIST) in Gaithersburg, Maryland using a Ni-
Na heat pipe at frozen ambient conditions. After successful demonstration of feasibility of neutron 
imaging, the CG-1D beam line at the High Flux Isotope Reactor (HFIR) of Oak Ridge National 
Laboratory (ORNL) in Oak Ridge, Tennessee has been used to image the operation of a high-temperature 
Mo-Li heat pipe for the first time up to steady state operation at approximately 900ºC.  Additionally, a 
three-dimensional tomographic reconstruction of the Mo-Li heat pipe working fluid has been achieved. 
 
2.  Experimental setup  
 
Neutron radiography during high-temperature heat pipe operation was performed on a cylindrical, 
gravity assisted Mo-Li heat pipe 25 cm in length with an external diameter of 3.5 cm.  This heat pipe has 
a square cross section width of 0.875” (22.2 mm), with four inside corner radii of 0.125 mm along the 
length of the pipe.  It has been evacuated, backfilled with 10 g of Li, and sealed.  Due to the oxidation of 
Mo at high temperatures, it was necessary to run the heat pipe in a vacuum vessel (Fig. 2).  This was 
constructed from 304 stainless steel with 1/8” (3.18mm) wall thickness around the heat pipe, and multiple 
ports were installed for a vacuum pump, pressure gauge, heater power supply wires, and four 
thermocouples.  The heat pipe was placed in the center of the vacuum vessel on an alumina (Al2O3) 
bottom for insulation and heated using a Mo resistance wire heater wrapped in alumina fish spine beads.  
The wire heater covered the bottom 80 mm of the heat pipe, and four Type K thermocouples were 
attached along the heat pipe at 80 mm, 120 mm, 161 mm, and 198 mm from the bottom of the pipe.  
Surrounding the heat pipe, resistance wire heater, and the thermocouples were 8 layers of Mo foil to serve 
as radiation shielding. 
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Fig. 2.  Vacuum vessel used for testing of cylindrical Mo-Li heat pipe.  The heat pipe is located in the lower section. 
 
3.  Results 
 
Preliminary neutron radiography testing was performed at NIST using a 150 mm long nickel alloy 
heat pipe with Na working fluid and a 3 mm by 10 mm cross section (Fig. 3).  This heat pipe remained at 
ambient frozen conditions to determine the transmission, ܶ ൌ ܫ ܫ௢Τ from Eq. 1, where σ = 3.81 barn for 
Na.  The exposure time for one image was 100s. The transmission calculated for 3 mm thick solid Na slug 
was ܶ= 0.97 or a 3% contrast with the background. The low contrast for Na needed longer exposure time 
and binning of the image data.  Changing the working fluid to Li for successive testing was based on 
these findings as Li has a higher neutron attenuation cross section than Na. 
 
(a)   
   
(b)  
 
Fig. 3.  (a) Neutron transmission image of solid Na in a nickel 201 heat pipe from a 100 s exposure and (b) the 
corresponding false color image [5]. 
 
In order to ensure the feasibility of neutron radiography, a ring-shaped Mo-Li heat pipe (11.6 cm 
outside diameter and 1.9 cm tube diameter) was imaged first at the ORNL campus.  Note that because of 
the limited viewing window size, four separate images were recorded and later digitally integrated to 
conform to a full image as shown in Fig. 4.  Additionally, open beam and dark field images were taken for 
normalization to further enhance the image resolution and quality. The darker region in the right half of 
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      (c)   
 
Fig. 5.  Cylindrical heat pipe at (a) 22oC with the neutron transmission scale and (b) 893oC along with (c) a 
comparison of the two images.  In (c) the lighter areas are representative of changes between (a) and (b).  
 
Tomographic imaging of the cylindrical heat pipe was performed by taking images in 1.4o increments 
for a total of 128 images.  The heat pipe was in the frozen state for this after the high-temperature 
experiment was completed as Li movement would prohibit tomographic reconstruction. Shown in Fig. 6 
is an image of the tomographic reconstruction of the frozen Li within the cylindrical Mo-Li heat pipe.  As 
expected, the Li is pooled in the bottom of the pipe, and dramatically rises along the four 90o corners of 
extremely small capillary radii (0.125 mm). Analysis of the acquired neutron images of an operational 
high-temperature heat pipe and the tomographic image in its frozen state will help characterize the Li 
transport phenomenon and provide a basis for future tests.       
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Fig. 6.  Tomographic reconstruction of Li within the cylindrical Mo-Li heat pipe.  Capillary pressure holds the Li in 
the 90o corners that form the wicking structure for this gravity assisted heat pipe. 
 
4. Concluding Remarks 
 
Neutron radiography is a viable approach to characterizing Li behavior in a high-temperature heat 
pipe.  Steady operations were achieved from 22oC to 900oC resulting in Li meniscus height and shape 
changes providing a foundation for future testing.  Specifically, this Mo-Li heat pipe will be tested during 
unsteady operations using asymmetric heating loads.  To capture unsteady operations, it will be necessary 
to decrease the exposure time for each image.  Additionally, quantification of Li thickness along the 
wicking channels can be used to further the understanding of the different phases of high-temperature 
heat pipe operations.  
Acknowledgements 
The authors acknowledge both financial and technical support from Wright-Patterson Air Force Base 
through Lockheed-Martin Corporation. The use of beam line at Oak Ridge National Laboratory 
(ORNL)’s High Flux Isotope Reactor (HFIR) was sponsored by the Scientific User Facilities Division, 
Office of Basic Energy Sciences, U. S. Department of Energy. Additional beam time was also granted by 
the BT2 Beam Line of the National Institute of Standards and Technology (NIST), Gaithersburg, 
Maryland. The heat pipes for these experiments were provided by Thermacore, Inc. in Lancaster, 
330   K. Kihm et al. /  Physics Procedia  43 ( 2013 )  323 – 330 
 
Pennsylvania. D. S. Hussey and D. L Jacobson acknowledge support from the U.S. Department of 
Commerce, the NIST Ionizing Radiation Division, the Director's office of NIST, and the NIST Center for 
Neutron Research. 
 
References 
[1] Ouzts PJ, 2008, “The Joint Technology Office on Hypersonics,” 15th International Space Planes and Hypersonic Systems and 
Technologies Conference,  28 April – 1 May 2008, AIAA 2008-2576. 
[2] Rawal S, “Air Vehicle Technology Integration Program (AVTIP) Delivery Order 0030:  Heat-Pipe-Cooled Leading Edges 
(HPCLE) for Space Operations Vehicle,”  AFRL Techinical Report AFRL-RB-WP-TR-2007-3099. 
[3] Glass DE, 1998, “Fabrication and Testing of Leading-Edge-Shaped Heat Pipe,” NASA Technical Report NASA/CR-
1998/208720. 
[4] Dunn PD, Reay DA.  Heat Pipes.  4th ed.  Pergamon, Elsevier Science Ltd; 1994, p.  1-2, 188. 
[5] Kihm KD, Hussey D, Pratt DM and Swanson AD, “Neutron Imaging Feasibility of Liquid Metal Coolant Behaviors inside a 
High-Temperature Alloy Heat Pipe,” Proceedings of the ASME/JSME 20011 8th Thermal Enigineering Joint Conference, 13 – 
17 March, AJTEC 2011-44119. 
[6] Daniel Hussey, National Institute of Standards and Technologies, 2010. 
[7] Trabold TA, Owejan JP, Gagliardo JJ, Jacobson DL, Hussey DS and Arif M, "Use of neutron imaging for proton exchange 
membrane fuel  cell (PEMFC) performance analysis and design", Handbook of Fuel Cells - Fundamentals, Technology and 
Applications, Volume 6. Edited by Wolf Vielstich, Harumi Yokokawa, Hubert A. Gasteiger. 2009 John Wiley & Sons, Ltd. 
[8] Takenaka N, Sugimoto K, Kawami H and Yoshida T, “Visualization of Two-Phase Flow Phenomena In A Self-Vibration Heat 
Pipe By Neutron Radiography”, The Eighteenth International Symposium on Transport Phenomena, 27-30 August, 2007, 
Daejeon, KOREA. 
[9] Borgmeyer B, Wilson C, Winholtz RA, Ma HB, Jacobson D and Hussey D, “Heat Transport Capability and Fluid Flow Neutron 
Radiography of Three-Dimensional Oscillating Heat Pipes”, Journal of Heat Transfer, 132 (2010).  
 
 
 
 
